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Chromosome segregation depends on proper orien-
tation of sister kinetochores. The protein Csm1 is
required for mono-orientation of sister kinetochores
at meiosis I in budding yeast. Surprisingly, its homo-
logue in fission yeast appears instead to clamp micro-
tubule binding sites together on single mitotic
kinetochores so that they all face one spindle pole.
It has long been noted that there are distinct
differences in chromosome behaviour during mitosis
and meiosis II, on the one hand, and meiosis I on the
other. These differences are now being unravelled at
the molecular level [1,2]: a meiosis-specific cohesin
subunit, Rec8, and the ‘monopolin’ complex con-
tribute to the mono-orientation of sister kinetochores
that is crucial to meiosis I [3–6]. These studies have
unexpectedly led to the identification of a protein that
may act to clamp together microtubule-binding sites
within a single mitotic kinetochore and help suppress
merotelic attachment that is thought to be a major
mechanism in causing aneuploidy [6,7]. 
At metaphase of mitosis, sister kinetochores must be
bioriented and attached to microtubules emanating
from opposite spindle poles. This ‘amphitelic’ attach-
ment (Figure 1) is dependent on cohesion between
sister chromatids, and is promoted by the Ipl1/Aurora
kinase [8,9]. When all chromosomes are bioriented, the
spindle checkpoint is satisfied, cohesion between sister
chromatids is destroyed and anaphase ensues [1].
Other orientations of sister kinetochores are possible,
but do not lead to correct equational chromosome seg-
regation (Figure 1). 
Meiotic divisions produce four haploid gametes from
a cell with a 4C DNA content through a reductional
division (meiosis I) followed by an equational division
(meiosis II) [2]. In meiosis I, sister kinetochores do not
split and segregate away from each other. Rather they
act in unison, often appearing fused, and are mono-ori-
ented to one pole — syntelic attachment (Figure 1).
The two sister kinetochores of the other homologue
are mono-oriented to the other pole.
Chromosomes embarking on meiosis I have several
intrinsic attributes that distinguish them from mitotic
chromosomes and ensure their correct segregation
[10]. In mitosis, cohesion between chromosomes is
lost when separase cleaves the Scc1 subunit of
cohesin [1]. Prior to the first meiotic division,
recombination and chiasmata formation mean that
homologous chromosomes are held together as a
bivalent [2]. A meiosis-specific cohesin subunit, Rec8,
is used in place of Scc1 and, crucially, Rec8 at the cen-
tromeres is specifically protected and not cleaved by
separase at anaphase I [3,4]. This ensures that sister
kinetochores remain associated and segregate to the
same pole. At metaphase II, sister kinetochores biori-
ent on the spindle (amphitely) and centromeric Rec8 is
now cleaved at anaphase II, allowing a mitosis-like
equational division in which sister kinetochores sepa-
rate and segregate to opposite poles.
How are sister kinetochores converted from enti-
ties which split apart in mitosis into ones which stay
together and act in unison during meiosis I? An
earlier study [5] identified a budding yeast meiosis-
specific protein, Mam1 — ‘monopolin’ — which is
required to prevent biorentation of sister kineto-
chores at meiosis I and promote their mono-orienta-
tion. Now Rabitsch et al. [6] have gone one step
further by identifying additional monopolin compo-
nents as mutants with meiotic phenotypes similar to
mam1∆. Surprisingly, two such proteins, Csm1 and
Lrs4, are expressed in vegetative cells, where they
reside in the nucleolus. At meiosis Csm1 and Lrs4
form a monopolin complex with Mam1, which 
associates with kinetochores at metaphase I. At
anaphase I, csm1∆ and lrs4∆ mutants do not divide
their nuclei and accumulate metaphase-like spindles.
They subsequently undergo a highly abnormal
nuclear division at the same time that wild-type cells
perform meiosis II. Despite the failure to perform
nuclear division at meiosis I, splitting of sister cen-
tromeres is frequently observed. This is not due to
loss of cohesion, as Rec8 remains centromere asso-
ciated in mam1∆, csm1∆ and lrs4∆ mutants.
These observations are consistent with a failure in
the mutant cells of mono-orientation of sister
kinetochores (syntely): instead their sister kinetochores
are bioriented (amphitely) at meiosis I. In this scenario,
the sister kinetochores are held together by Rec8, but
the spindle forces pulling them to opposite poles are
so great that cohesion is overwhelmed and the cen-
tromeres are stretched apart. In support of this hypoth-
esis, engineering the destruction of centromeric
cohesion at anaphase I — by replacing non-cleaved
Rec8 with unprotected and cleavable Scc1 — allows
csm1∆ and lrs4∆ mutants to undergo an equational
division at meiosis I. Thus, the monopolin complex
must act to prevent biorientation of sister kinetochores
during meiosis I [5,6].
Rabitsch et al. [6] identified Pcs1, a fission yeast
protein similar to Csm1. Pcs1 is localised to the
nucleolus, but it is also found at centromeres in
interphase, mitosis, and both meiotic divisions. Remark-
ably, fission yeast pcs1∆ mutants do not have major
defects in meiosis I segregation, but instead show
lagging chromosomes in mitosis and meiosis II. Lagging
chromosomes on anaphase spindles are a hallmark of
many mutations affecting fission yeast centromere
integrity. In both heterochromatin mutants and pcs1∆
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cells, lagging chromosomes are single chromatids and
not unseparated sisters [6,11]. In living cells, lagging
chromosomes have been observed moving slowly,
stopping, and even changing direction [11,12]. Their
behaviour is consistent with merotelic attachment,
where single kinetochores are attached to micrutubules
from both poles. The presence of lagging chromosomes
slows spindle elongation — it seems likely that merotel-
ically attached kinetochores would resist the force of
spindle elongation [11]. 
Why do budding yeast csm1∆ and fission yeast
pcs1∆ mutants have such different phenotypes? An
attractive explanation appeals to the difference in
centromere–kinetochore architecture between the
two yeasts. Budding yeast has only one microtubule
attachment site per kinetochore [13]. Kinetochores in
many other organisms appear to be modular and
interact with multiple microtubules — two to four in
fission yeast, for example [14–17]. Organisms with
these complex centromeres must ensure that all the
microtubule sites on a single kinetochore face the
same pole — that they are amphitelically, and not
merotelically, attached. Proving that lagging chro-
mosomes in fission yeast are merotelically attached
is technically challenging, but the data are very sug-
gestive. Deletion of pcs1+ has similar effects on 
segregation to mutations that cause defective cen-
tromeric heterochromatin. Genetic analyses indicate
that Pcs1 and Swi6 act synergistically, suggestive of
separate functions. Perhaps heterochromatin pro-
vides a rigid foundation to orient sister kinetochores,
while Pcs1 is responsible for arranging the micro-
tubule binding sites.
Merotelic orientation of lagging chromosomes has
been demonstrated by light or electron microscopy in
several higher eukaryotes [7,15,16,18–20]. In maize,
lagging chromosomes move erratically and at variable
rates [16]. The tug-of-war experienced by such
merotelically oriented kinetochores results in their
stretching to up to five times their normal diameter
[7,16]. In mammalian cells treated with a microtubule-
destabilising drug, kinetochores become expanded in
a crescent shape — a configuration which may
facilitate merotelic attachment, because of the greater
surface area available for microtubule interaction upon
drug recovery [7]. The holocentric chromosomes of
Caenorhabtitis elegans magnify the effects of merotelic
attachment so that twisting of the whole chromosome
is observed, suggesting that chromosome–kinetochore
rigidity is important for ensuring proper amphitelic
attachment [20]. Lagging chromosomes in anaphase do
not appear to recruit checkpoint proteins [7,11,16,19],
suggesting that they are invisible to the spindle check-
point and supporting the notion that merotelic attach-
ment makes a major contribution to aneuploidy.
Because budding yeast only has a single
microtubule site per kinetochore [13], it never encoun-
ters the problem of merotely, and lagging chromo-
somes have not been reported. It is only in meiosis I
that microtubule binding sites, on sister kinetochores,
must be locked together, and in the model proposed
by Rabitsch et al. [6] (Figure 2) the monopolin complex
containing Mam1, Csm1 and Lrs4 forms this ‘sister’
clamp. In fission yeast, and maybe also in other organ-
isms, a Csm1-like protein, Pcs1, is required to lock
together microtubule sites on single kinetochores in
mitosis — making a ‘neighbour’ clamp.
In this view, Pcs1 and Csm1 perform the same
fundamental activity, but they are drafted for different
jobs. In budding yeast, Csm1-containing monopolin
promotes syntely, and discourages amphitely. But in
fission yeast, Pcs1 promotes amphitely and discour-
ages merotely. It would seem that a Pcs1 complex in
fission yeast could clamp together not only
microtubules on single kinetochores, but also the
sister kinetochore microtubule sites during meiosis I:
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Figure 1. Kinetochore orientation in
mitosis and meiosis.
In mitosis and meiosis II, the correct ori-
entation (boxed) is amphitely, in which
sister kinetochores are arranged back-to-
back (bi-oriented) with all microtubule
sites on one sister kinetochore attached
to microtubules from one pole, and all
microtubule sites on the other kineto-
chore are attached to microtubules from
the other pole. Incorrect orientations:
syntely, or mono-orientation of sister kine-
tochores, is when both kinetochores are
attached to microtubules emanating from
the same pole. This would lead to non-
disjunction of sister chromatids. Merotely:
a single kinetochore is attached to micro-
tubules from both poles. This can only
happen in organisms which have multiple
microtubule binding sites per kinetochore
and leads to chromosomes that lag in
anaphase. Monotely (not shown): when
only one kinetochore is attached.  In
meiosis I, the correct orientation is
syntely, or mono-orientation, in which sister kinetochores are arranged side-by-side and interact with microtubules from the same
pole. Incorrect orientations: Amphitely sister centromeres are bi-oriented and try to segregate to opposite poles, but cohesion holds
them together. Merotely (shown for one kinetochore), as in mitosis, would lead to lagging in anaphase.
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Syntelic Merotelic
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but this does not seem to be the case — pcs1
mutants do not have a defect in meiosis I. This sug-
gests that other proteins are responsible for ensuring
syntelic orientation in fission yeast meiosis I. Indeed,
fission yeast Rec8 prevents biorientation in meiosis I
as well as being required for cohesion [3].
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Figure 2. A model for monopolin and Pcs1 function.
In budding yeast mitosis, no clamps are required as there is
only one microtubule attachment site per kinetochore. Biorien-
tation is dependent on cohesion between sister chromatids. In
fission yeast mitosis, Pcs1 is proposed to form part of a
‘neighbour’ clamp (green horseshoe), locking together the mul-
tiple microtubule binding sites on each kinetochore. This
suppresses merotely and, together with cohesion, promotes
biorientation. In meiosis I in budding yeast, the monopolin
complex containing Mam1, Csm1 and Lrs4 is proposed to
make a ‘sister’ clamp (green strip) which ensures that sister
kinetochores are mono-oriented and segregate together at
anaphase I. The cohesin subunit Rec8 is specifically protected
at sister kinetochores, where it remains until anaphase II. In
fission yeast meiosis I, neighbour clamps containing Pcs1 pre-
sumably lock together microtubule attachment sites within
single kinetochores. The sister clamp (yellow strip) does not
appear to require Pcs1. Its identity is unknown, but in fission
yeast Rec8 is required for meiosis I mono-orientation as well as
cohesion.
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